{where Q = c-picoline (1a)}. Molecular structure of all the complexes (1, 1a, 2, 3 and 4) is determined by X-ray crystallography, demonstrating the dibasic tridentate behavior of ligands. All the complexes show two irreversible reductive responses within the potential window À0.73 to À1.08 V, due to Mo VI /Mo V and Mo V /Mo IV processes. Catalytic potential of these complexes was tested for the oxidation of benzoin using 30% aqueous H 2 O 2 as an oxidant in methanol. At least four reaction products, benzoic acid, benzaldehydedimethylacetal, methyl benzoate and benzil were obtained with the 95-99% conversion under optimized reaction conditions. Oxidative bromination of salicylaldehyde, a functional mimic of haloperoxidases, in aqueous H 2 O 2 /KBr in the presence of HClO 4 at room temperature has also been carried out successfully.
Introduction
Schiff bases, characterized by the azomethine group (-RC@N-), form a significant class of compounds in medicinal and pharmaceutical chemistry and are known to have biological applications due to their antibacterial [1] [2] [3] [4] [5] [6] , antifungal [3] [4] [5] [6] and antitumor [7, 8] activity. The incorporation of transition metals into these compounds leads to the enhancement of their biological activities and decrease in the cytotoxicity of both the metal ion and Schiff base ligand [9] [10] [11] . On the other hand, aroylhydrazones are excellent multidentate ligands for transition metals. They have been shown to exhibit a range of biological e.g. antiamoebic activity [12] and DNA synthesis inhibition or antiproliferative behavior [13] [14] [15] . For quite some time, we have been engaged in a program aimed at credible synthesis of oxygen and nitrogen co-ordinated transition metal compounds in order to approach the biological co-ordination units as potential lead molecules for drug designing. Accordingly, we have synthesized and examined a number of transition metal-Schiff base compounds using aroylhydrazone as tridentate (ONO) -donor ligand [16] [17] [18] . Their properties can be tuned by modification of either the aromatic aldehyde or the hydrazide component. Our aim was to increase lipophilicity using bulky aromatic groups and to investigate the influence on the coordination sphere as well as reactivity by the use of aroylhydrazone of naphthol-derivatives.
The coordination chemistry of molybdenum has become a fascinating area of research in recent years because of the presence of molybdenum in metalloenzymes [19] [20] [21] [22] [23] [24] [25] . Catalytic applications of molybdenum complexes in organic transformations, particularly in the epoxidation of alkenes have been explored much as evidenced by number of publications [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . The catalytic activity of molybdenum complexes are sensitive to the donor/acceptor ability of the ligand, and to steric and strain factors. Therefore, we have designed sterically hindered/bulky ONO donor aroylhydrazones of naphthol-derivative (Scheme 1) in the light of above factors to prepare dioxidomolybdenum(VI) complexes. Varying the steric bulk of the aroylhydrazone ligands also controls the coordination number of the molybdenum in these complexes. Novel structural features, reactivity patterns of these complexes and their catalytic activity for the oxidation of benzoin are reported here. Selective transformation of a-hydroxyketone to the corresponding a-diketone is one of the most important fundamental reactions in organic chemistry [40, 41] . The catalytic potential of dioxidomolybdenum(VI) complexes for the oxidative bromination of salicylaldehyde, as functional mimic of haloperoxidase has also been explored.
Experimental

Materials
[MoO 2 (acac) 2 ] was prepared as described in the literature [42] . Reagent grade solvents were dried and distilled prior to use. All other chemicals were reagent grade, available commercially and used as received. Commercially available TBAP (tetra butyl ammonium perchlorate) was dried and used as a supporting electrolyte for recording cyclic voltammograms of the complexes.
Physical measurements
Elemental analyses were performed on a Vario ELcube CHNS Elemental analyzer. IR spectra were recorded on a Perkin-Elmer Spectrum RXI spectrometer. 1 H NMR spectra were recorded with a Bruker Ultra shield 400 MHz spectrometer using SiMe 4 as an internal standard. Electronic spectra were recorded on a Lamda25, PerkinElmer spectrophotometer. Electrochemical data were collected using a PAR electrochemical analyzer and a PC-controlled Potentiostat/Galvanostat (PAR 273A) at 298 K in a dry nitrogen atmosphere. Cyclic voltammetry experiments were carried out with a platinum working electrode, platinum auxiliary electrode, Ag/AgCl as reference electrode and TBAP as supporting electrolyte. A Shimadzu 2010 plus gas-chromatograph fitted with an Rtx-1 capillary column (30 m Â 0.25 mm Â 0.25 lm) and a FID detector was used to analyze the reaction products and their quantifications were made on the basis of the relative peak area of the respective product. The identity of the products was confirmed using a GC-MS model Perkin-Elmer, Clarus 500 and comparing the fragments of each product with the library available. The percent conversion of substrate and selectivity of products was calculated from GC data using the formulae: 
Synthesis of complexes (1-4)
These complexes were prepared modifying a previously published procedure [44] [45] [46] 
Crystallography
Suitable single crystal of 1, 1a and 2-4 was chosen for X-ray diffraction studies. Crystallographic data and details of refinement are given in Table 1 . The unit cell parameters and the intensity data for the complexes (1, 2, 3 and 4) were collected at $293 K, on a Bruker Smart Apex CCD diffractometer and complex (1a) was collected at 100 K, on a Bruker Smart Apex II CCD diffractometer using graphite monochromated Mo Ka radiation (k = 0.71073 Å), employing the x-2h scan techniques. The intensity data were corrected for Lorentz, polarization and absorption effects. The structures were solved using the SHELXS97 [47] and refined using the SHELXL97 [48] computer programs. The non-hydrogen atoms were refined anisotropically.
Catalytic reactions 2.7.1. Oxidation of benzoin
In a typical oxidation reaction, benzoin (1.06 g, 5 mmol), aqueous 30% H 2 O 2 (1.71 g, 15 mmol) and catalyst (0.0005 g) were mixed in methanol (10 mL). The reaction mixture was heated under reflux with stirring for 4 h. The progress of the reaction was monitored by withdrawing samples at different time intervals and samples were extracted with n-hexane and then analyzed quantitatively by gas chromatography. The effect of various parameters such as amount of catalyst, amount of oxidant, and solvent were checked to optimize the conditions for the best performance of the catalyst. The identity of the products was confirmed by GC-mass.
Oxidative bromination of salicylaldehyde
Salicylaldehyde (0.610 g, 5 mmol) was added to an aqueous solution (20 mL) of KBr (1.785 g, 15 mmol), followed by addition of aqueous 30% H 2 O 2 (1.71 g, 15 mmol) in a 100 mL reaction flask. 
The catalyst (0.0005 g) and 70% HClO 4 (0.715 g, 5 mmol) were added, and the reaction mixture was stirred at room temperature (20°C). Three additional 5 mmol portions of 70% HClO 4 were further added to the reaction mixture in three equal portions at 45 min intervals under continuous stirring. After 3 h, the separated white products were extracted with CH 2 Cl 2 and dried. The crude mass was dissolved in methanol and was subjected to gas chromatography. The identity of the products was confirmed as mentioned above.
Results and discussion
Synthesis and spectral properties
Reactions of the selected aroylhydrazones (c. 
All these complexes are highly soluble in aprotic solvents, viz. DMF or DMSO and are sparingly soluble in alcohol, CH 3 CN and CHCl 3 . All these complexes are diamagnetic, indicating the presence of molybdenum in the +6 oxidation state, and are nonconducting in solution.
Spectral characteristics of compounds are listed in Table 2 . The DMSO solutions of all the complexes display a medium intensity band in the 468-423 nm region (Fig. S1 ) and two strong absorptions in the 340-256 nm range, which are assignable to ligand to molybdenum (pp-dp) charge transfer (LMCT) and intraligand transitions, respectively [16, 49, 50] .
IR spectra of the complexes contain all the pertinent bands of the coordinated tridentate ligands [16, 49, 50] . In addition, 1, 1a, 2 and 4 display two strong peaks in the range 937-902 cm À1 due to terminal m(M@O t ) stretching [16, [49] [50] [51] . There are two relatively strong and broad peaks around 821-863 cm À1 due to weakened (Mo -O ? Mo) for oligomeric complex 3, observed. The details of IR spectra of the free ligands and their corresponding dioxidomolybdenum (VI) complexes are given in Table 2 . ), respectively. All the aromatic protons of ligands are clearly observed in the expected region d = 8.33-6.23. In the NMR spectra of complexes, the absence of signal due to aromatic (naphthyl) -OH indicates that the phenolic group is coordinated to the metal centre after proton replacement [16, 49, 50] . Similarly, the absence of signal due to -NH proton in the complexes suggests that the ligands are coordinated to the metal center via enolic form.
Electrochemical properties
Electrochemical properties of the complexes have been studied by cyclic voltammetry in DMF solution (0.1 M TBAP). Voltammetric data are given in Table 3 . The CV traces of the complexes exhibit two irreversible reductive responses within the potential window À0.73 to À1.08 V, which are assigned to Mo VI /Mo V and Mo V /Mo IV processes respectively. The lack of anodic response, even at a higher scan rate, is clearly due to rapid decomposition of the reduced species [16, 49, 50] .
X-ray structure of complexes
Complexes 1 and 2 are isostructural cis-dioxidomolybdenum(VI) species; hence, details of 2 are not discussed here. Only complex 1 as a representative case is discussed here. Selected bond angles and bond lengths for both are given in Table 4 for comparison purposes. The molecular structure and the atom numbering scheme of complex 2 is shown in Fig. S2. 3.3.1. Description of the X-ray structure of complex 1 and 3
The molecular structure and the atom numbering scheme for the complex [ 
2.225-2.233 Å A
0
, which is comparatively longer than other Mo-N single bonds. This is due to the trans effect generated by the oxo group trans to the Mo-N bond [49] 
Description of the X-ray structure of complex 1a
The atom numbering scheme of complex 1a is given in Fig. 3 with the relevant bond distances and angles collected in (4) (Scheme 2). The molecular structure and the atom numbering scheme of 4 is shown in Fig. 4 . In this compound (MoO 2 L 4 ) the coordination geometry of Mo(VI) is similar to that observed earlier [50] , which consist of two oxo oxygen atoms, one enolate oxygen, one phenolate oxygen, and an azomethine nitrogen atom. This is the rare example of a five-coordinate Mo(VI) complex [50, 53] and benzylic acid rearrangements [54] . The oxidation of benzoin was successfully achieved with the molybdenum complexes using 30% aqueous H 2 O 2 as oxidant. The products mainly obtained were benzoic acid, benzaldehyde-dimethylacetal, methylbenzoate and benzil (Scheme 3). To optimize the reaction conditions for the maximum oxidation of benzoin, [MoO 2 L 2 (CH 3 OH)] (2) was considered as a representative catalyst. The effect of oxidant was studied by considering the substrate to oxidant ratios of 1:1, 1:2 and 1:3 for the fixed amount of catalyst (0.0005 g) and substrate (1.06 g, 5 mmol) in 10 mL of refluxing methanol. As shown in Fig. 5 and entry No. 3 of Table 5 , a maximum of 96% conversion of benzoin was achieved at the substrate to oxidant ratio of 1: 3, in 4 h of reaction time. Lowering the amount of oxidant decreases the conversion. The effect of amount of catalyst on the oxidation of benzoin was studied considering three different amounts of [MoO 2 L 2 (CH 3 OH)] (2) viz. 0.0005, 0.001 and 0.0015 g for the fixed amount of benzoin (1.06 g, 5 mmol) and 30% H 2 O 2 (1.7 g, 15 mmol) in 10 mL of methanol and the reaction was monitored at reflux temperature of methanol.
A maximum of 96% conversion was achieved with 0.0005 g of catalyst. This conversion improved only marginally to 98% whereas 0.0015 g of catalyst gave a maximum conversion of 99% in 4 h of reaction time (Fig. 6 ). Thus at the expense of catalyst, only 0.0005 g of catalyst can be considered sufficient to optimize other reaction conditions. The amount of solvent also influences the oxidation of benzoin. It was concluded ( Fig. 7 and entry No. 3, 4 and 5 of Table 5 ) that 10 mL methanol was sufficient to effect maximum conversion under above optimized reaction conditions. Table 6 summarizes conversion of benzoin under different experimental conditions. Thus, from these experiments, the best reaction conditions for the maximum oxidation of benzoin as concluded are: (0.0005 g,) and methanol (10 mL) under reflux condition. It is clear from the plot that all products form with the conversion of benzoin. The highest selectivity of benzoic acid (ca. 51%) was observed in the first one hour. With the elapse of time its selectivity slowly decreases and finally becomes almost constant and reaches 47% after 4 h. Similar results have been observed in case of methyl benzoate and benzil and reach 23% and 16%, respectively. The selectivity of benzaldehyde-dimethylacetal increases continuously from 3% to 14%. Thus, with the maximum benzoin oxidation of 96% after 4 h of reaction time, the selectivity of the reaction products varies in the order: benzoic acid (47) > methyl benzoate (23%), > benzil (16%) > benzaldehyde-dimethylacetal (14%). Under these reaction conditions other catalysts were also tested and results are compared in Fig. 9 while Table 6 provides turnover frequency (TOF) and selectivity details. The data presented in the table show that other complexes are also catalytically active and show equally good activity with very high turnover frequency (TOF: 1021-1301 h À1 ) but the selectivity order of various products slightly differs. In the absence of the catalyst, the reaction mixture showed 60% conversion where selectivity of different products follows the order: benzil (48%) > benzoic acid (27%) > benzaldehyde-dimethylacetal (20%) > methyl benzoate (5%). Thus, these complexes not only enhance the catalytic action, they also alter the selectivity of the products.
Oxidative bromination of salicylaldehyde
Oxidative bromination of salicylaldehyde, a functional mimic of haloperoxidases, in aqueous solution at room temperature has also been carried out successfully. By using these dioxidomolybdenum(VI) complexes as catalyst precursors in the presence of KBr, HClO 4 and H 2 O 2 gave mainly three products, namely 5-bromosalicylaldehyde, 3,5-dibromosalicylaldehyde and 2,4,6-tribromophenol; (Scheme 4). After several trials (Table 7) (2) and all three products were identified; Table 7 . The presence of three equivalent of H 2 O 2 facilitates not only the formation of HOBr, which ultimately helps in the oxidative bromination of salicylaldehyde but also affects on the selectivity of different products. Other catalysts gave similar results. Lowering the amount of H 2 O 2 increased the formation of 5-bromosalicylaldehyde. In the absence of the catalyst, the reaction mixture gave ca. 40% conversion of salicylaldehyde where selectivity of the formation of 5-bromosalicylaldehyde is 89%.
Other complexes have also been tested under similar reaction conditions and the results obtained are summarized in Table 8 . It is clear from the table that all the complexes have equally good catalytic potential with high turnover frequency. The selectivity of the 5-bromosalicylaldehyde (56.5-75%) is much high for most complexes except for [MoO 2 L 4 ] (4) which exhibits only 47.5% selectivity. The overall selectivity of three products follows the order:
5-bromosalicylaldehyde > 2,4,6-tribromophenol > 3,5-dibromosalicylaldehyde.
A noteworthy feature of the present catalytic reactions is that, the recovered solutions of catalysts from the catalytic reaction mixture were found active up to two cycles with nearly same conversion (Table S1 and S2). The selectivity of reaction products of benzoin was also found nearly same but in case of salicylaldehyde, the catalyst became more selective towards 5-bromosalicylaldehyde with no formation of tribromo derivative. (Fig. 10) . Simultaneously, two bands start appearing at 369 and 383 nm and become intense after addition of excess of H 2 O 2 . The intensity of the 337 nm band decreases slowly along with the appearance of a shoulder band at ca. Table 6 Effect of different catalysts on the oxidation of benzoin, TOF and product selectivity. 
Conclusions
Synthesis of four new dioxidomolybdenum(VI) complexes with aroylhydrazone of naphthol-derivative (1, 2, 3 and 4) and one mixed-ligand mononuclear complex (1a) have been prepared and characterized. The one labile binding site in these complexes has an added advantage as has been shown by reacting complex 2 with H 2 O 2 to give corresponding peroxido species without changing original coordinating sites i.e. ONO coordination of ligands. Again the labile peroxido group of complexes has an added advantage as they transfer oxygen in catalytic oxidation as has been demonstrated for the oxidation by peroxide, of benzoin using these complexes as catalysts. Under optimized reaction conditions benzoin gives 95-99% conversion with four reaction products benzoic acid, benzaldehyde-dimethylacetal, methylbenzoate and benzil. The functional mimic of haloperoxidase is demonstrated by the oxidative bromination of salicylaldehyde where these complexes have shown 95-99% conversion of salicylaldehyde to brominated and other products with high turnover frequency.
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